Given the remoteness and challenging environmental conditions on sub-Antarctic Marion Island, continuous high-resolution studies of the island's natural water systems are rare. Subsequently, current understanding of the island's hydrochemistry is based entirely on manual point-based measurements. To address this research gap we analysed continuous, in-situ highfrequency physicochemical measurements (pH, water temperature, dissolved oxygen (DO), and electrical conductivity (EC)) from the Soft Plume River over the period 21 April 2015-26 April 2015. We observed a sharp, short-term response from all measurements to a precipitation event that was superimposed on consistent but subtle diel (i.e. 24 h) cycles throughout the study. Total variation in pH and electrical conductivity amounted to 1.3 units and 27.7 µS/cm respectively. Stream water temperature was less variable (6.2°C) than air surface temperature (14.2°C). Total variation in DO was 2.0 mg/L. Aside from the precipitation-induced response, diel oscillations were small and only visible through the use of continuous, highresolution monitoring. Findings highlight the advantages of continuous high-frequency monitoring in capturing the range of daily variation and elucidating diel cycles in stream water physicochemistry on sub-Antarctic Marion Island that have not previously been accounted for.
INTRODUCTION
Diel (i.e. 24 h) oscillations in stream water can result from differing physical, biological, or chemical processes that operate on a day-night cycle (Nimick et al., 2011) . Study of diel cycles can help reveal which biogeochemical processes occur relatively rapidly in natural waters and therefore which processes play an integral role in the normal functioning of natural water systems . On isolated maritime islands, hydrological systems often exhibit a strong coupling with local and synoptic climatic phenomena that regulate various hydroand bio-geochemical processes (Tomlinson and De Carlo, 2003; Contador et al., 2015) . As a result, the physicochemistry of stream water often responds quickly to even small changes in climate. Physical and chemical parameter values in stream water vary widely over multiple of scales in space and time and therefore, discontinuous sampling does not capture the full range of values. To better understand the processes which link catchment hydrochemistry and ecosystem functioning on oceanic islands, measurement frequencies should be able to capture the catchment's hydrological response, which in these environments is often in the order of minutes or hours (Grobbelaar et al., 1987; Scholfield et al., 2005; Moraetis et al., 2010; Raposeiro et al., 2011; Halliday et al., 2012) . Such an understanding is possible through the use of continuous, in-situ high-resolution monitoring (Kirchner et al., 2004; Rode et al., 2016) .
The remoteness of sub-Antarctic Marion Island, as part of the Prince Edward Islands (PEI) in the Indian Sector of the Southern Ocean, along with extreme weather conditions, makes continuous, high-resolution data collection difficult (Fig. 1a; Wade et al., 2012) . In addition, in-situ high-frequency monitoring is associated with various challenges, such as frequent instrument maintenance and calibration, and data management issues that are intensified in isolated, maritime environments (Strobl and Robillard, 2008) . On Marion Island, data collection typically involves a single field campaign within a year, with research assistants stationed on the island responsible for sampling and monitoring programmes that are designed to operate throughout the year.
To date, no continuous in-situ measurements have ever been made of physical and/or chemical characteristics of stream water on Marion Island. As a result, understanding of the island's stream physicochemical dynamics is based entirely on manual, often randomly taken, point-based measurements that have been made concomitantly with water sample collection (Grobbelaar, 1974 (Grobbelaar, , 1975 (Grobbelaar, , 1978a (Grobbelaar, , 1978b (Grobbelaar, , 1978c Van Staden, 2011; Dartnall and Smith, 2012) .
While these low-frequency data provide necessary information on the mean chemical state of the streams (Burt et al., 2011) , the measurements mask sub-daily variability and are often prone to high uncertainties associated with underrepresentation of high-discharge and short-duration events that may result in significant changes in stream dynamics (Jordan and Cassidy, 2011; Wilby et al., 2014; Sherson et al., 2015) .
Although many studies have reported extended periods of in-situ monitoring of various physicochemical determinants in remote and challenging environments, such as the McMurdo Dry Valleys, Antarctica (McKnight et al., 2015; Wlostowski et al., 2016) , these data are particularly rare for isolated maritime islands in the Southern Hemisphere. 
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water temperature, dissolved oxygen (DO), and electrical conductivity (EC)). With these data, we investigate variability in stream water physicochemistry over a 6-day field campaign in April 2015. We highlight the advantages of continuous in-situ monitoring versus manual point-based measurements, which have up to now been used to characterise the island's stream water chemical dynamics.
MATERIALS AND METHODS

Study area
Marion Island (46°54'S and 37°51'E) is the larger of two islands that comprise the PEI group (Fig. 1a) . The island, situated in the Indian sector of the Southern Ocean, consists of a peak of a shield volcano. The island has an area of ± 293 km 2 and with its highest point (Mascarin peak) at 1 240 m amsl (Hedding, 2008) . The island's climate is strongly influenced by its hyperoceanic position within the westerly wind belt (Rouault et al., 2005) . The island experiences high precipitation amounts (~2 234 mm/yr) evenly distributed over the annual cycle. The surrounding Southern Ocean moderates diurnal and annual temperature variations (Pendlebury and Barnes-Keoghan, 2007) . Mean maximum and minimum temperatures at the research station are 10.5 and 5.0°C, whereas mean values in winter are 6.0 and 1.0°C, respectively. Mean daily temperature ranges are on average less than 2°C and 3°C in winter and summer, respectively (Boelhouwers et al., 2003) . Combined with these conditions are high relative humidity, cloud-cover and strong westerly to north-westerly winds (Le Roux, 2008) .
Study site
Perennial streams are uncommon on the island as porous lavas dominate much of the island's topography so precipitation infiltrates the surface (Boelhouwers et al., 2008) . Streams are generally oligotrophic with low rates of primary productivity and biological activity (Cooper et al., 1992) . The Soft Plume River (SPR) is the only perennial stream on the island. The SPR is located on the south-eastern quadrant of the island and flows ). The upper reaches of the SPR are shallow with some portions interrupted by lava flows. The banks of the SPR consist mainly of peat and are usually steep in the lower reaches owing to fluvial erosion. Fringe vegetation consists predominantly of the alien grass, Poa annua, which often grows submerged together with filamentous algae. Other fringe vegetation includes Agrotis megellanica, Juncus Scheuchzeriodes, Ranunculus biternatus and the moss Drepanocladus uncinatus, which colonise the edge of various sections of the stream (Grobbelaar, 1974) . Our study site (SP03) is situated at ~103 m amsl and is downstream of the confluence of all major tributaries (Fig. 1b) .
Data collection
A Eureka Manta multiprobe (Eureka Environmental Engineering, Austin, TX, USA) was set up at SP03 (Fig. 1b) . The multiprobe continuously logged the following physicochemical parameters in situ at 5-min intervals; pH, water temperature (°C), DO (mg/L) and EC (µS/cm). These parameters had accuracies of ± 0.2 units, ± 0.08°C, ± 0.6 mg/L and ± 0.5% of reading, respectively. These data were converted to hourly averages to generate a new data set. All probes were calibrated in water-saturated air prior to deployment in the field. Data were downloaded manually in the field on 26 April 2015. Hourly temperature (°C) and rainfall amount (mm) data, recorded at the research station (24 m amsl) on Marion Island (Fig. 1b) , were obtained from the South African Weather Service (SAWS). Descriptive statistics were determined for all physicochemical data (Table 1 ). All data were collated, analysed and plotted using R statistical software (version 3.3.0; R Core Team, 2016).
RESULTS
Summary statistics of mean daily stream physicochemical values are presented in Table 1 . A time series of stream pH, water temperature, DO and EC recorded at SP03, as well as air surface temperature and rainfall amount measured at the research station, are shown in Fig. 2a-f . On 22 April 2015, a very strong cold front from a deep mid-latitudinal cyclone with its centre just over the Antarctic coastline moved over the island from west to east which brought with it 13 mm of precipitation between 15:00 and 21:00 (GMT+3). During this period air surface temperature decreased from 9.2°C to 2°C. This synoptic event triggered rapid and significant changes in the recorded physicochemistry of the SPR (see Fig. 2a-f) . pH decreased from 7.4 to 6.4, stream water temperature dropped from 7.5 to 4.6°C and EC dropped from 64.7 to 38.3 µS/cm between 15:00 and 21:00. Conversely, DO increased from 11.5 to 12.5 mg/L over the same time period. These changes represented the fastest rates of change over the study period.
These changes in response to the precipitation event were superimposed on diel cycles of physicochemical measurements. Over the time series mean pH was 7.2 and ranged from 6.3 to 7.5 units. pH increased throughout the day and flattened-off during the night. Maxima were typically reached between 13:00 and 15:00 (GMT+3), followed by a decrease and minima during night-time hours.
Stream water temperature had a mean of 5.9°C, and ranged from 3.3°C to 9.9°C. Air surface temperature measured at the research station was 8.2°C, with a range from 2.0°C to 16.2°C. Stream water temperature increased throughout the day with maxima in the afternoon, followed by a decrease and minima during night-time hours. Stream water temperature minima and maxima occurred between 00:00-04:00 and 15:00-18:00 (GMT+3), respectively. Stream water temperature displayed a significant, positive linear trend between 21 April 2015 and 26 April 2015 (r 2 = 0.39; p < 0.0001). Stream pH maximum precedes stream water temperature maximum. A cross-correlation function identified dominant and significant positive cross correlations at lags of 2-3 hours, as illustrated in Fig. 2a,b .
DO had a mean concentration of 12.1 mg/L with a range from 11.0 mg/L to 13.00 mg/L. There was a significant negative correlation between stream water temperature and DO concentrations (r = −0.96, p < 0.0001). DO concentrations begin to decrease during the morning as stream water is warmed and oxygen solubility decreases. Following water temperature oscillations, diel DO cycles generally exhibited night-time maxima and daytime minima. A weak significant, negative linear trend was identified for DO concentrations over the period 21 April 2015-26 April 2015 (r 2 = 0.28; p < 0.0001). Mean EC was 61.7 µS/cm and ranged from 38.8 to 66.5 µS/cm. After the precipitation-induced response, EC tended to increase throughout the day and reach maximum concentration during night-time hours between 18:00 and 22:00 GMT+3. Minimum EC concentrations were typically reached during the day between 10:00 and 15:00 GMT+3.
DISCUSSION
Mean physicochemical parameter values measured in the SPR reflected the island's undisturbed environment, prevailing climatic conditions and relatively low rates of primary Table 2) . EC of stream water is a sum-parameter for the concentration of dissolved ions. Mean EC concentration in the SPR (61.7 µS/cm) is consistent with the aforementioned studies ( Table 2 ) and supports findings of low solute concentrations in stream water on the island (Grobbelaar, 1975) . Taken, these high frequency pH and EC data from the SPR effectively capture the range of values determined by previous point-based measurements, despite only representing data from a single stream and a limited period of annual hydroclimatic variability. Water temperature and DO have previously not been measured in stream water on the island. Average stream water temperature (5.9°C) was only slightly below mean air surface temperature measured at the research station (8.2°C), and reflected the island's temperature regime which is moderated by the surrounding Southern Ocean (Le Roux, 2008) . Mean DO in the SPR (12.1 mg/L) is similar to that observed by Contador et al. (2015) in the Ro´balo River on sub-Antarctic Navarino Island (8.9-12.6 mg/L).
Over the time series, there was a sharp, short-term response seen in all stream water physicochemical values (Fig. 2a-d) due to a precipitation event (13 mm between 15:00 and 21:00 (GMT+3)) associated with a mid-latitude cyclone on 22 April 2015. Following the precipitation event, stream pH, water temperature and EC all decreased sharply due to dilution (Fig. 2) . In contrast, DO concentrations increased over the same period. A similar pattern for DO was found by Feller and Kimmins (1979) in an undisturbed stream in British Columbia. For pH, a decrease following high rainfall is consistent with studies of streams draining small basins (Caissie et al., 1996) . Stream temperature in the SPR decreased by 2.9°C following the rainfall event on 22 April 2015 (Fig. 2b) . Brown and Hannah (2007) found there to be a significant relationship between total precipitation amount and temperature change, with higher rainfall storms resulting in greater stream water temperature depression. Taken together, these high-frequency data also show that synoptic weather events play a significant role in driving sharp, shortterm changes in stream physicochemistry on sub-Antarctic Marion Island, similar to the effect(s) that synoptic-scale weather systems have on sub-surface soil temperature dynamics on the island (Nel et al., 2009a,b) .
Diel cycles
Diel oscillations in stream water can result from combinations of differing physical, biological, and/or chemical processes that operate on a day-night cycle (Nimick et al., 2011) . Changes in stream pH occur on a daily basis as a result of various processes. Stream pH generally varies because of changing concentrations of dissolved CO 2 caused by aquatic organisms consuming or producing CO 2 through photosynthesis and respiration, respectively . The daily range of stream water pH values was on average 0.5 pH units (Table 1) , which is consistent with the low rates of productivity in streams and limited daylight hours on the island. In the SPR, stream pH begins to rise after sunrise and increases throughout the day, a pattern that has been observed by other authors (Nimick et al., 2005; Moraetis et al., 2010) . In addition, late-afternoon maxima and night-time minima in stream pH were found in other studies that attributed the pH cycles to respiration and photosynthesis of aquatic macrophytes and algae (Bäckström et al., 2002; Parker et al., 2007) . Stream water and the air surface are both primarily heated through solar radiation. Their relationship is therefore able to provide insight into physical processes that regulate stream thermal regimes (Drysdale et al., 2003) . Air temperature, relative humidity, cloud cover and wind speed all influence the heat exchange between the stream and the atmosphere (Nimick et al., 2011) . As a result, sunny cloudless conditions promote larger diel temperature cycles in streams that are not shaded (Fuller and Davis, 1989) . Diel stream water temperature dynamics in the SPR mimic the air surface temperature regime cycle, with maxima and minima in the late afternoon and night-time, respectively. This relationship between stream water and air temperature is widely recognised . A strong, significant positive relationship existed between SPR stream water temperature and air surface temperature measured at the research station (r = 0.78, p < 0.0001). Stream water temperatures were also on average lower than air surface temperatures and generally lagged behind air surface maxima as a result of the stream's thermal inertia (Lisi et al., 2015) .
Stream water temperature is the dominant control on DO concentrations in the SPR. DO concentrations decrease as stream water is warmed and oxygen solubility decreases (Fig. 2b,c; Guasch et al., 1998 ). This pattern is further supported by the strong, significant negative relationship between DO concentrations and stream water temperature (r = −0.96, p < 0.0001), which highlights the temperature dependence of diel DO dynamics (Nimick et al., 2011) . Such a relationship is consistent with small, shallow and impoverished streams (Rajwa-Kuligiewicz et al., 2015) . The night-time maxima and daytime minima in DO observed in the SPR are also found in oligotrophic mountain streams with steep gradients (Nimick et al., 2011) . Similar patterns have been observed elsewhere in streams that have low levels of biological productivity, with the opposite pattern observed in streams with substantial photosynthetic activity (Loperfido et al., 2009) .
Diel EC cycles are not as extensively documented as pH, water temperature and DO (Vogt et al., 2010) . In the SPR, EC begins to increase in the early afternoon and continues to increase into the night, reaching a maximum concentration between 20:00 and 23:00 GMT+3 (Fig. 2d) . Hayashi et al. (2012) observed a similar pattern in the Thur River watershed, north-eastern Switzerland, where EC concentrations increased during the daytime and into the night-time hours. They attributed these EC fluctuations to a combination of biological (photosynthesis), chemical (carbonate equilibrium and precipitation), and physical (groundwater exchange) processes. Elsewhere, diel EC variations have been observed in small streams and attributed to evaporative enrichment during daytime (Calles, 1982) , or the result of groundwater discharge, since groundwater typically has higher EC values (Schmidt et al., 2012) . However, potential explanations for diel cycles in the SPR will need to be studied further over longer time periods that cover seasonal and inter-annual hydroclimatic variability, in combination with additional data, before this aspect can be satisfactorily resolved.
Limitations and implications
Although novel, the findings from our study have temporal and spatial limitations. Diel dynamics were investigated over a 7-day period and, therefore, only represent a limited range of annual hydroclimatic and stream chemical variability.
Observations of an individual storm, such as that experienced on 22 April 2015, only provides an incomplete illustration of the diversity of hydrochemical behaviours that the SPR catchment can exhibit (Kirchner et al., 2004) . Furthermore, SP03 represents a single point in the SPR. Therefore, our results do not account for factors affecting physicochemistry within the catchment such as spatial variability of rainfall, geology, geomorphology, aquatic organisms and differences in physical and chemical characteristics of stream water due to landscape position. Despite the abovementioned constraints, high-frequency monitoring captured the range of previous measurements made manually in numerous streams around the island at various times of the year under differing hydroclimatic conditions (Table 2) .
When considering the high-frequency data (Fig. 2) , it is clear that there is a wealth of additional information present that has not been previously captured. From the data it is evident that low-resolution sampling (i.e. daily, weekly and/or monthly) will result in the diurnal cycle and the flow response of the catchment not being fully captured. Not only do our data provide context to previous manual measurements, they also show that continuous high-frequency monitoring is necessary to reveal the coupling between hydrological and physicochemical dynamics in the SPR. 
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CONCLUSIONS
Results from this study emphasize the value of continuous high-resolution physicochemical measurements for accurate characterisation of stream chemical dynamics. Through analysis of high-frequency data from the SPR we observed subtle diel cycles throughout the study period, previously undocumented in stream water on the island. Stream pH, superimposed on these oscillations, was a sharp, short-term response in all physicochemical values to a precipitation event, which would otherwise not have been accounted for by lower-resolution sampling. By capturing the full range of daily variation in stream water physicochemistry, these data add valuable context and improved interpretability to discontinuous, manual point-based measurements that have up to now been used to understand stream chemical dynamics on the island. While it is important to note that our results only represent variation at a single location recorded over a limited range of annual climatic variability, these findings are important initial observations that inform on-going monitoring of stream chemical dynamics on sub-Antarctic Marion Island.
